Abstract-The CMS lead tungstate (PbWO4) electromagnetic calorimeter (ECAL) has successfully achieved its first goal: the discovery of the Higgs boson in 2012. However, longevity studies show that part of the PbWO 4 ECAL will not maintain the required performance due to radiation damage incurred at the HL-LHC. The forward region of the detector will suffer the most from radiation damage, and the ECAL Endcaps (EE) will need to be replaced. A scintillator-based option for the EE replacement, Shashlik EE, is presented in the paper. The Shashlik EE is a sampling calorimeter. Tungsten absorber plates are interleaved with scintillator plates (LYSO or CeF3), with quartz and wavelength-shifting (WLS) capillaries optically coupled to the scintillator plates for light output. The Shashlik EE maintains an excellent energy resolution, but compared to the current PbWO4 EE, it is at least five times greater in radiation hardness and has a module size four times smaller allowing four times higher granularity laterally for pileup mitigation and particle identification. Irradiation tests and beam tests results have confirmed the high performance of the Shashlik EE.
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I. INTRODUCTION: CURRENT CMS ECAL IS A BIG SUCCESS
T HE CMS [1] electromagnetic calorimeter (ECAL) is a homogeneous crystal calorimeter, made of 75,848 lead tungstate (PbWO 4 ) scintillating crystals. The ECAL consists of a Barrel region, covering the pseudorapidity range |η| < 1.48, which is closed by two Endcaps that extend the coverage up to |η| = 3. The choice of PbWO 4 crystals provides high radiation tolerance, a small radiation length (0.89 cm) and Molière radius (2.19 cm), and fast scintillation response. These properties have made it possible to build a compact and granular homogeneous calorimeter with excellent energy resolution, response linearity and particle identification capability at the LHC [2] .
During LHC Run I, the CMS detector has recorded data with instantaneous luminosities close to the design goal of 1 × 10 34 cm −2 s −1 , with an average number of simultaneous interactions per bunch crossing (pileup) of about 25. The excellent performance of the CMS ECAL in this environment has led to the discovery of a Higgs boson in 2012 [3] .
II. OPPORTUNITIES AND CHALLENGES AT HL-LHC
The HL-LHC upgrade, planned for 2025, will significantly increase the instantaneous luminosity that can be provided to CMS, with a total integrated luminosity of 3000 fb −1 expected to be delivered by 2035. It has been shown [4] that the significantly larger dataset provided by the HL-LHC can considerably expand the sensitivity and reach of CMS to various key physics signatures, including the precise measurement of Higgs boson couplings (including VBF processes), searches for supersymmetry and heavy vector gauge bosons, and precise measurements of electroweak processes. However, the HL-LHC performance criteria require a re-examination of the ability of the detector active material and readout to meet these requirements up to an integrated luminosity of 3000 fb −1 . ECAL lead tungstate crystals were optimized for their application in CMS, particularly with respect to radiation hardness through many studies with ionizing electromagnetic radiation and hadrons [5] . The dominant concern for the HL-LHC is the loss of response due to hadron irradiation, which is cumulative and does not anneal at room temperature as is the case for gamma radiation. In CMS the flux of hadrons is dominated by charged pions with energies of order 1 GeV. The effect of charged hadrons has been studied with crystals irradiated with pions and protons from the CERN Proton Synchrotron.
Recent and extensive beam tests of hadron-irradiated crystals have been performed to determine the expected light transmission and energy resolution of the calorimeter during HL-LHC operation. Based on these results, a model of crystal ageing has been developed and used to simulate the expected performance of ECAL at HL-LHC luminosities. Fig. 1 shows the predicted response reduction, S/S 0 , for an electron shower of 50 GeV as a function of pseudorapidity for various assumed integrated luminosities [6] . Fig. 2 shows a special high pileup event taken in 2012 with 78 reconstructed vertices [6] . The expected average number of vertices at HL-LHC is about 140. The consequences of this loss of response and the large number of pileup on electron and photon energy resolution and identification are summarized in [6] .
The conclusion is that the ECAL Barrel will still perform well with some modifications, while the ECAL Endcaps need to be replaced for HL-LHC operation.
III. ECAL BARREL UPGRADE
The ECAL Barrel upgrade is driven by the requirements for a trigger latency of 12.5 μs and a Level-1 trigger rate of 750 kHz. We will use this opportunity to also optimize the electronics and 0018-9499 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the operating temperature of the system to mitigate the increase in noise of the avalanche-photodiodes (APDs) caused by the LHC irradiation. Fig. 3 shows the expected noise as a function of integrated luminosity for different operating temperatures and pulse shaping times [6] . One can see a 35% reduction of the noise by reducing the operating temperature from 18 to 8 • C, and another 30% reduction in noise by shortening the pulse shaping time from τ = 43 ns to 20 ns with upgraded electronics. Fig. 4 shows the expected energy resolution before and after the ECAL Barrel upgrade [6] . The upgraded energy resolution with an average of 140 vertices from pileup after 1000 fb −1 is expected to be as good as the resolution with 50 vertices from pileup without aging.
IV. ECAL ENDCAP UPGRADE OPTION: SHASHLIK

A. Shashlik Design
One of the options for the upgrade of the ECAL Endcap was a Shashlik design. The Shashlik ECAL Endcap is a sampling calorimeter with tungsten as absorber and LYSO or CeF 3 crystals as the scintillator. light outside the scintillator plates. The WLS dye is proprietary and is called "DSB1". Fig. 6 illustrates how scintillation light from scintillator plates is collected through the WLS capillaries. The capillaries guide the light outside the detector to silicon photomultipliers (SiPM) to reduce the radiation damage to the SiPMs.
1 Fig. 7 illustrates the geometry of the Shashlik ECAL Endcap inside CMS, showing how the capillaries guide the light outside the detector. The charge integrator and encoder (QIE) developed at Fermilab [7] is used as the front-end readout card with one channel per module. Fig. 8 shows photos of a prototype module of the Shashlik (LYSO) that was used in the CERN beam test in October 2014. 
B. Key Features
In order to understand better the Shashlik design, Table I compares some key parameters between the Shashlik (LYSO) Endcap and the current PbWO 4 ECAL.
First of all, the Shashlik is two times more dense longitudinally compared to the PbWO 4 ECAL. One motivation for the compactness in depth is to have less radiation damage affecting the light collection using the WLS capillaries, because the length of the capillaries inside a module is shorter. Another reason for the compactness is to have more service space behind the ECAL Endcap (see Fig. 7) .
Second, the Shashlik is about two times more dense laterally, as given by the average Molière radius, and thus allows four times higher lateral granularity. The high granularity is a key feature for pileup mitigation; for example, one can have better electromagnetic cluster and hadron cluster separation with higher granularity.
Third, LYSO has two orders of magnitude higher light yield than PbWO 4 . This is an essential feature of the Shashlik design, where we interleave the LYSO and tungsten plates, while only LYSO is transparent and can generate scintillation light. We observe that the Shashlik LYSO can produce an equal or higher light output per module compared to the homogeneous PbWO 4 ECAL.
Lastly, the temperature dependence of the light yield is much smaller for LYSO than for PbWO 4 .
C. Radiation Hardness Test Results
Many studies have been pursued to measure the radiation hardness of the Shashlik design. Simulation studies and irradiation tests [8] show that LYSO and CeF 3 are more radiation resistant than PbWO 4 . As shown in Fig. 9 , LYSO has a factor of five lower proton damage with respect to PbWO 4 . In the figure, the effect of the proton irradiation is measured in terms of the coefficient of induced absorption, as defined below where T is the attenuation of the light transmission along the length L at a specific wavelength λ with respect to its initial value, T 0 . As shown in Fig. 10 , Monte Carlo simulations [9] of single electrons (including a model of the hadron irradiation damage) show that the degradation on electromagnetic energy resolution is insignificant after 3000 fb −1 of integrated luminosity for the designed Shashlik η coverage |η| < 3.0.
The WLS capillaries were also tested for radiation hardness [9] . The test was performed at Los Alamos National Laboratory using a beam of 800 MeV protons. Three capillaries were used in the test, with two of them irradiated and one kept as a reference. The proton radiation dosage is 2.7 × 10 14 protons/cm 2 at 800 MeV. The irradiated capillaries were then measured at Caltech. In Fig. 11 we see that there is no discernible difference in the photon emission spectra comparing irradiated and non-irradiated capillaries. In Fig. 12 , the light yield as a function of excitation position in the capillaries also shows only negligible differences between irradiated and non-irradiated capillaries.
D. Beam Test Results
The design goal for the energy resolution of the Shashlik ECAL is a 10% stochastic term, and 1% constant term as shown in the following expression of the energy resolution:
The first term on the right hand side of the equation is the stochastic term, which represents uncertainties from sampling fraction, photon statistics, and transverse containment. The second term is the noise term, which quantifies electronics and pileup noise. And the third term, the constant term, describes the uncertainties from inter-calibration, longitudinal containment, and transverse uniformity.
The results [9] shown in Figs. 13 and 14 are from 2014 beam tests at CERN, for LYSO and CeF 3 , respectively. The LYSO prototype used in the beam test is composed of a 4 × 4 array of the Shashlik modules presented in Fig. 5 . For the LYSO results, the two colors are for the two levels of light yield attenuation using a neutral density (ND) filter 2 . In Fig. 12 , "LO/32" means "light output divided by a factor of 32", namely 32 times light yield attenuation, and "LO/8" means 8 times light yield 2 The reason to do the light yield attenuation is simply because the LYSO intrinsic light yield is too high that the SiPMs used in the beam tests (having larger pixel size than that envisaged for the final device) are saturated in the absence of attenuation. [9] attenuation. For the CeF 3 results in Fig. 13 , the MC simulation assumes a stochastic term of 10% for a cluster fully contained by the calorimeter. The simulation results, which are for a single module (1 × 1) and a cluster of 5 × 5 modules, are compared with the beam test data result using a single module (1 × 1). We can see that the single module results from beam test data and MC simulation are in good agreement. Please see Ref [10] for details about the CeF 3 results. Table II shows the measured stochastic term with the two levels of light yield attenuation compared with the expected values from standalone simulation assuming a 10% stochastic term in case of no light yield attenuation. We can see good agreement between expectation and beam test measurements.
V. CONCLUSION
The current CMS PbWO 4 ECAL has achieved its excellent performance during LHC Run I [2] . However, for the HL-LHC, the harsh radiation environment presents challenges that result in significant radiation damage in the forward regions of the detector. Studies show that the ECAL Barrel can perform well with some modifications, but the Endcaps will need to be replaced. For the Endcap, the Shashlik design is an excellent option which uses radiation-hard scintillators and WLS capillaries. The Shashlik ECAL Endcap is two times more compact longitudinally, which allows for less radiation damage impacting the light collection and also more service space behind ECAL for guiding the light output outside the detector to protect the photodetectors from irradiation. It is also two times more dense laterally, and thus four times higher granularity laterally for pileup mitigation and particle identification. Beam test results confirm the Shashlik design energy resolution with a stochastic term of 10%.
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